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AJtSTRA CT 

OifTQitiiti leukemia* express on their plasma membrane* particular 
subset* of the 247 defined cluster of differentiation (CD) autfgens, which 
may' resemble those of precursor cells along the lineages of differentia tioi) 
to mature myeloid nml lymphoid leukocytes. The extent of use of CD 
antigen expression (immunophcnotyping) for iden£flt*tSo*i «f leukemia.* 
has constrained by the technique used, flow cytometry, which vo«v> 
monly specifies only three CD antigens in any one assay. Currently, 
leukemia* unci lymphomas ore diagnosed using a combination of mor- 
phology, inimunophcnotyptvcytochemtotry, and karyotype. We have de^ 
vc loped a rnpirt, simple prwcdnrc which enable concurrent determl na- 
tion of 50 or more Cl> antigens on leukocyte* or lcUk*D>U cells In a single 
analysis using a microarruy of antibodies, A 3ns pension of eeJIs Is applied 
to the Array, and cells only bind to Anybody dots for which they express 
the corresponding CL> antigen. For patients w!th signifltantly raised 
U'tikoeyte counts, the resulting dot pattern then represents the immuiiO- 
phcnotypi* of those cells. For patients- at earlier stages of disease, the 
diagnosis depends on recognition of dot patterns distinct from the back- 
ground of nor nut! leukocyte?. Distinctive and reproducible dot patterns 
have been obtained lor normal peripheral blood leukocytes, chronic lym* 
phoeytic leukemia (CLL). hairy cell leukemia, mantle cell lymphnmu, 
acute myeloid leukemia, and T-ecIl acute lymphoblastic Leukemia. The 
consensus pattern for CD antigen expression found on CIX cells taken 
from 20 purfcnU in descending oi-der of cells bound was CTM4, HLA-DR, 
C037, CI>I9. C»20, C05, CD52, CTW5RA, CD22, CD24, CD45. CD23, 
CD21. CD71, CD1U, and Cf>9. The antigeus that provided the best 
discrimination between CLL and normal peripheral blood leukocytes 
were CD19, CD20; CD21, CD22, CD23, CDi4, CD25v and CD37. Results 
obtained for the expression of 48 CD antigens from the microarray 
compared well with flow cytometry, The microarray enables extensive 
immunophenotypino. and the intact cells cap tared on antibody dots can be 
further characterized using soluble, flnnrescently labeled antibodies. 



INTRODUCTION 

Blond cells are derived from stem cells that differentiate itnd 
proliferate down the myeloid and lymphoid lineages (1.2) under the 
control of cytokines such as colony Stimulating factors. Precursor cells 
from different lineages express different subsets of surface molecules, 
many of which are now defined by CD 3 antigens. CD antigens 
associated with the plasma membranes of leukocytes may be mole- 
cules involved in a variety of functions (cell-cell interactions, cytokine 
tecCplOrs. cell signaling, ion channels, transporters, enzymes, immu- 
noglobulins, or adhesion molecules: Ref. 2). As cells differentiate 
along particular lineages, expression of CD antigens changes: <?.».. as 
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myeloid stem cells expressing CD34 ditTercntiate down the granulo- 
cyte lineage, they begin ro express CD13 and CD33 and down- 
regulatc CD34 (3). Mrtiure neutrophils express CDlIb, CDI3, and 
CD 1 5, wiLh the loss of expression of CD33. The expression of CD 
antigens on leukocytes is currently determined by flow cytometry (4), 
which is expensive and labor-inrensive, requiring 5-20-//J quantities 
of fluorcsccntly labeled antibodies (10-500 fig/ml) and allowing 
concurrent analysis for a limited number of CD antigens, usually three 
to tour. 

The main types of leukemias arc ALL derived from immature T- or 
LHymphocytes, AEvfL from immature myeloid c&ll$, CLL from ma- 
ture R-lymphocyws, and chronic myeloid leukemia from granulocyte 
precursors (5). NH1. may also enter a leukemic phase with circulating 
lymphoma cells (5). Accurate diagnosis of hematological malignan- 
cies enables selection of the most effective treatment protocol. Current 
diagnosis of acute leukemia* is hascd on the morphology and cyto- 
chemistry of dte blast cells according to the WHO classification 
released recently (6) and the HAH classification used previously (7. 8)» 
usually supplemented with karyotyping and limited immunophcno- 
typing (5). Flow cytometric analysis- of leukemic with- panels of 
monoclonal antibodies now provides 98% accuracy tor distinguishing 
acute leukemias ol" myeloid and lymphoid origin (9) and may differ- 
entiate a variety of chronic leukemias and lymphomas (5). Subgroup- 
ing of CLL into typical and atypical On the basis of motphology 
according to WHO/FAB criteria (6, 7) has prognostic significance, 
3nd several studies (10) have shown a strong correlation between 
atypical morphology, trisomy 12, and an aberrant immuitophenotype. 

In AML, mutations may alter the developmental program resulting 
in proliferation of cells blocked at a particular stage of differentiation 
to granulocytes or monocytes. Alternatively, AML could arise from 
leukemic stem cells that differentiate in an unusual manner (It). 
Using the WHO/FAB classification system, AML has been divided 
•mo multiple subgroups based on; morphology; reaction to peroxidase 
and Sudan black .siains^expression-orCD-1-3, CD)4, CD33, CD4I, 
CD6I and glycophorin A: types of cytoplasmic j^ranuleK; Auer rods; 
vacuoles; chromosome translocations (8;2t or 1 5; 17); inversion of 
chromosome lo, I Iq23 abnormalities; nonspecific esterase and chlo- 
roacctatc esterase activities; scrum and urinary lysozyme levels; and 
periodic aeid-Schiff staining (6, 12). An experienced hemavologist is 
required to decide which tests should be r^rformcd on a particular 
AML sample. Jennings and Toon (4) reviewed the application of flow 
cytometry to the diagnosis of leukemias and lymphomas based upon 
patterns and intensity of antigen expression. They found that limited 
immunophenotypes did not uniquely define the FAB classification of 
AML. However, screening for expression of 50-100 antigens could 
yield consensus patterns corresponding to the existing classes and 
may facilitate biologically relevant revision of the WHO myeloid 

neoplasia Classification (6). Bain (see Table 2.4 in Rcf. 5) showed that 

the eight different FAB subclasses of AML have different levels of 
expiesfiion of u panel of nine surface antigens. For ALL, immuno- 
phenoryping plays a central role in defining clinically relevant subsets. 
The WHO classification states that ALL should be classified by the 
pattern of reactivity of cells to a panel of Uneagc-associated antibodies 
and, where possible; genetic abnormalities (6). 
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Golub er at. (13) u$ed gene expression monitoring with DNA 
microarrays to distinguish between human AML and ALL in bone 

marrow aspirates from 38 patients. Quantitative levels of expression 

were obtained for rt8l7 gCnCS and approximately 1 100 genes corre- 
lated with the AML-A.LL class distinction. Fifty of the genes that 
showed the closest correlation with, the AML-ALL distinction were 
used to classify new samples with high accuracy. Alizadeh etal. ( 14) 
used a ''Lymphoehip 11 consisting of 1 7.856 cDNA clones on a mi- 
croiirray to look at &cnc expression in diffuse largo B-ceil lymphoma 
in 96 normal and malignant lymphocyte samples. Two distinct forms 
of the lymphoma wcra identified with gene expression patterns indie* 
alive of different stages of B-ccIl differentiation. The u$e of oligonu- 
cleotide arrays described in these papers and orhers to classify I cuke* 
mtos Of lymphoma* in empirical and complex to perform, does not 
interface with current diagnostic criteria (morphology, immunophc- 
notype, cytochemistry, and cytogenetics), and lacks clinical correla- 
tion. Furthermore, there is an uncertain relationship between lewis of 
mRNA and protein and any subsequent posr-translational modifica- 
tion. 

Chang ( I S) demonstrated specific binding of human peripheral 
blood mononuclear cells to mouse aniihumun HLA-A2 antibody (50 
nl) adsorbed to glas.s coverslips and binding tif mouse thymocytes to 
similarly immobilized anti-Lyt 2.1 and anti-Lyt 1.1 antibodies. The 
potential of using immobilized antibodies for determining ullotypcs of 
HLA antigens and the proportions ofleukocyie subsets was discussed, 
but there has been little subsequent development of this proeedurc. 
We tested this method tor the binding of human ftaji (B-ccii Burfcirt 
lymphoma) or CCRF-CEM (T-cell ALL) eel Is. to antibodies- against 
CD3, CD4. CD8, and CD 1 9 as dots on a £lass slide with inconsistent 
results. Therefore, wc developed the antibody microarray, called the 
LD Army (in memory of Lee Dixon), described here, 

MATERIALS AND METHODS 

Cell Lines. CCfti v t'EM (acute lymphoblastic leukemia). Roji fBurkilt 
lymphoma), and HL-60 (acute pmmyclncytic Leukemia) were obtained frum 
lhc American Type Culiurc Collection (Manassas, Va} ;mcl WOrv grown in 
PtPMl 1640 medium (Trace Scientific, Melbourne, Victoria. Australia) sup- 
plemented with 10% foal bovine jteiurn (CSL Limited, Parkvillc, Victoria, 
Australia) and 50 ^Jm\ gentamicin Sulfate (Life Technologies, Inc., Grand 
Island, NY), 

Construction of Antibody Micro a frays. The procedure has been de- 
scribed in a PCT application (16). A PixSys 3200 Aspirate and Dispense. 
System (Cartesian Technologies, Irvine, CA) was used to construct a rectan- 
gular array (0.72 cm x 0,<! cm) or 60 different 5-nl antibody dots air-dried on 
a film of nitrocellulose bound iy ;i glass microscope slide (Fast Slides: 
manufactured by Grace tfiohibs. UcmL OR; supplied by Schleicher and 
Schutll. Kccnc. Nt(). Antibodies were purchased from the following compa- 
nies: Coulter and Immunotech from Beck man Coulter fG'adcsvillc. NSW. 
Ausnalia). PharMingcn from BD Biosciences f North Ryde. NSW. Australia), 
and Bio&ourcc International fmm Monarch Medical (Stafford City. Queens- 
land. Australia). 'I*hcy were reconstituted as recommended. frofcCn in aliquots 
at -20 C C with 0.1% (w. vf BSA tSi^ma-Aldfiek CaStlC Hill* NSW, Australia), 
and used at concentrations ranging from IS to 1000 figfml as supplied for 
FACS analysis. Aflcr application, antibody dots were visualised by oyo on a 
while light box for quality control, and the corners of ihc anrjy were marked 
with a pencil. The nitrocellulose wa$ then blocked with 5% (w/v) fikim milk 
(Diploma; Bonlae Food*, Melbourne, Victoria. Australia) in PBS (90 min at 
room temperature), washed with water, dried, and stored at d°C with dcsiccanl. 

Each batch of slides was icsicd with cell lines and'or fimen peripheral blood 

leukocytes or leukemia cells or known pJicnorypc ro cheek a mi body. binding 
activities. 

Binding of Leukocyte* to the LD Array. Blood was drawn from normal 
subjects ;md leukemia patterns for this project with informed consent and 
approval of the Human IZihics Committee of the University of Sydney (refer- 
ence number °<>/07. ; 07). Leukocyte* wciu isolated from peripheral blood (treat- 



ed with EDTA or heparin io prevent cloning) using Histopaque (Stgma- 
AidrichJ. washed in PBS, resuspended in PUS com u in inf. I mj* EDTA to a 

density of I0 T cells/ml, and incubated with the LD' Array for 30 min at room 

hjmpcraairc (100 fi) of suspension/slide). :md unbound cells were ihen gently 

washed off with PBS. Inclusion of I'iDTA significantly reduced nonspecific 

attachment of cells io ttic blocked nitrdLu If ulnae. I -fciiN inactivated human AB 
serum [10% (v/v): Sigma-Aldrich] was added to AML cells that otherwise 
attached to all of the antibody dots because of presumed Fc receptor binding. 
Arrays were then fixed for at /cast I h in PBS eon raining 1% (v/v) formalde- 
hyde (Sigma-Aldrich), 2% (w/v I ftlitcasc. and 0.05% (w/v) sodium azidc end 
washed /n PBS. 

Data Recording and Analysis. Bound leukocyte* were observed wet by 
nonconvcniionai dark-field microscopy using nn Olympus 13X60 fluorescence 
microscope (Oiympujt, Nonh Ryde. NSW. Australia) with a UPLan 4X ob- 
jective. The condenser was set rtr ihc phase I position, and a green filter was 
placed over the Jight source. Images were recorded and Analysed usin^ ;i 
SenSys digital cooled CCD camera (1317 >' 1035 pi.xcU; Photometries, 
Tucsotl, Arizona), PCI Frame Grabber, and "V" vcrsiun 3.5 for Windows 
image processing 3nd analysis software (.Digital Optics, Auckland New Zea- 
land). Images were processed usiiig Adobe Photoshop version 5.0 software, 
and dot densities were scored by eye by comparison wiib a set of $candnrd dots 
of increasing intensity. This semiquantitative method of scoring compared 
favorably with qusntili cation using tmatrcQuanr \*cr.sion 3.3 so it ware (Molec- 
ular Dynamics, Sunnyvale. CA). Even after d fixed arrays? could be 
observed microscopically if moistened with PBS- 

I^Tow Cytometry. Isolated peripheral blood leukocyte* (I0* cells) were 
incubQivd for 15 min at room temperature with FITC- <>« PE^cortjugylod 
antibodies (Coulter or tmmunoicch; conccnxraiions us I'ecemmended by man- 
utacturersl and 2% (v/v) heat-inactivated human AB serum (Sitnna-Aldrich). 
After washing in FACS buffer [PBS wirii 0,1% (w/v) BSA and 0.1% (w/v") 
sodium azidc], cclLs were rcsu-tpended in fixative and analyzed on a FACS- 
calibur flow cytumcicr. with u 48S-nm air- cooled argon-ion laser, runrtiAg 
CELLQucst Software (Bcclon Dickinson, San Jose, CA). 

Con focal Microscopy. After incubation wirh ]*.*u Logics, LD Arrays were 
fixed and incubated with a 1:1 mixture ofCD3-FITC (Coulter diluted I in 200 
with FACS buffer) and CD19-PH (Immunoiceh: undilmud) for 10 min at room 
temperature. Specificity of staining was cheeked using 1'lTC- ;uid PC-conju- 
gated i.wtype control antibodies. Slides wore washed in PBS and mounted 
using a SIowFadc Antifadc Kil (Molecular Probes: from Bioscicntific. <iymca, 
AyStrSlio). Slides were examined with n Lctca TCS NT Confocal System 
(Microsystems. Heidelberg. Germany), using a Plan Opo 1 00 X/ 1. 40: 0.7 oil 
immersion objective. Images were processed u$»n$ Adobe PhotoShop version 
5.U soflwiirc. 

RESULTS 

Preliminary experiments showed that unwanted cellular aggrega- 
tion and nonspecific binding of leukocytes io the nitrocellulose could 
be minimized by using the following conditions; washing of cells to 
remove exogenous nutrients; addition of a chelating agent (EDTA); 
and reducing incubation reitipcroiuw from 37°C to 22'C (data not 
shown). Under these conditions, little or no cell aggregation was 
detected microscopically on the antibody dyts. and background bind- 
ing was absent or minimal. 

fig. 1 illustrates the distinct binding patterns of three wetl-charac- 
termed cell lines incubated with an LD Array of 60 antibodies and 
observed by nonconventionui dark -field microscopy. The intensities 
of the dots reflect the densities of the cells bound to the antibodies at 
the locations shown in the key (Fig. la). CtRF-CEM cell binding was 
high on antibody dote CD4, CD5. CD?. CDS. CD38, CD44, CD45, 
CD45RO, CD7I, and CD95 and low nn CTO and CD52 <Fig. ib). Raji 
cell binding was high on CD 10. CD 19, CD20. Ct>2l. CD22, CD23, 
CD37, CD3K, CD45, CD45RA. CDS2, CD7K C:D79b. CD80, and 
CD9S; moderate on slg; and iow on CD1S4, k (fig. \c). HL-60 
binding was high on CD4. CDIJ. CD33. C044. CD64, CD71, and 
CD1 17; moderate nn CDllh. CDl le» CDI5. CD3S. CD45, CD45RO, 
CD95, and KOR <CD66c): and low on COS. CD 1 4. and GDI 6 (fig. 
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Hi:. J, Minding piinuiis of human cull line* using the 14) A my. a, key to antibody 
iiiwitiik-Kiion. CX'RI 1 -CI-.M; c Rnjl; rf. HI^W, The numbers in the antibody key refer 
*i» iiinihmlit's ;i;.:;iir.!u the corresponding CD ontigGrtSi migCl mid mlgQ2a are murine 
iNUtypLi ciNiiml antihtidicK W vj- 1 0 and 41 V6 are antibodies against C044 variant* 3-10 
mul ft*, h. A. (ii'A. I ll.A-l)K t KOK. FMC7, and slgnre antibodie* ^0n» human « and a 
li-hl chain;. CPA iCXWia\. H LA-UK. KOR-SA3541 antigen (CD66c>. PMC- 7, P»d 
<ii r) ace i Cftinu i wulohti tin . 




0 123455789 10 
tCf x cell denary (ce(Jsmti) 

lij!. I. Relationship bciwtwn cell density of the sample tad number of cells binding to 
iiniihiidy dot* on LD Arrayi. Serial 2-ibId dilution* of o suspension of Kaji colls (I0 7 
CCllvmll Wire tested rm I.D Arrnys, Tl>c number of edh* bound to antibody dots for 
HL/Vt>R (■) jnd CD3S r#t arc plotted ugaiatt the density of cell SUSpenSiOni. Regression 

awlys-is of dam for HLA-DR f ) and CD38 ( — } gave coefficients pf com?l*tion 

iti : ) ol'O.V7 iindO.%, i wpcciivcly. 



iff), h'ig. 2 shows ihc near linear relationship between cell density of 
ihc sample and number of bound cell? on an antibody dot when Raji 
coll*, ;n densities . up to I0 7 ccll$/ml were bound to antibody dOLs 
III.A-DR and ( Liulc or no binding was observed at n sample 
density ol'o x Kf cclls/ml. 

Fig. J shows binding patterns of leukocytes from a normal subject 
tl-ijf. 3/0 and a variety orieukemia patients. Normal peripheral blood 
leukocytes. (Fi». 3/i) were captured by more ihan 30 of the, antibody . 
dots. Antibodies gainst T-ccil antigens (CD2. CD3, CD4, CD5. and 
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I'iy. J. Ointliny pattenu of human leiilcncyini uitinu the LD Array. Thtf leulweyris 
;ihhrev\jitio<), SiMtfCc. and Cell density of" the lamplc appear in brutrteti. a, key to antibody 
"Juntifirafifin; K normal IXlipJwra! blood le4liOeyl<M (aibjed |; 4 X I0 V Cclli'lituf): c, 

CLL (paticni t; 3U \ 1(T eell^liier): </, CLL (patient 2; 9 X lt>*/liler); HCL (patient 
|n x I0 g eclMiteri: A mantle cell tymphonuj (pKtwnt4: 19 X 10" cells/liter); g, AMI,. 
(Vahuttt 3; m X 10* 1 cell^1iter>: 4, T-ccll ALL (patienl 6; 17 X 10* cells/litef*). The 
inmiburs itriltc antibody key refer lo antibndtes against the eorftstpOnding CD antigeiv n$ 
diillncd in the Icyend to rig. I. 
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.ANTIBODY MiaOARRAY 

CD7) bound more cells than those for B-ccIl antigens (CD 19, CD20 t 
C021. C022> C02X yn t l COZ^h nifleciins the 70:30 r&iia ofT- 10 
H-lymphocytcs. which collectively comprise 20-40% of leukocytes 
in peripheral blood ( 17). Antibodio against CD44 unci CD52 bourn! 
leukocytes at high density, consistent with expression of these anti- 
gens on a wide ranue of leukocytes. Intermediate levels of leukocytes 
bound to CD 13 and CD33 dots, reflecring monocyte/granulocyte 
concentrations in peripheral blood (collectively >40% or" leukocytes; 
Ref. 17). Antibodies against CD4I and CD42a bound platelets, 
whereas anti-gJycophorin A (CD235a> bound erythrocytes. Both rypes 
of cells are found in fresh leukocyte preparations. 

Samples from CLL patients with high leukocyte counts (>30 X 10° 
cells/liter) showed fewer positive dots {<25; Kig, 3c) 4 and these were 
of uniform density, reflecting rhc predominance of monoclonal CLL 
cells over normal leukocytes (4-10 X I0 g cells/liter. Ret'. 17), For 
CLL patients with lower leukocyte counts {8-14 X 10** cells/liter; Fig. 
3</), the pattern of binding was still distinguishable from normal 
leukocytes because dots corresponding to B-ccll antigens were of 
higher or equivalent density to T<ell dots. We have not tested CLL 
patients with leukocyte counts of less than 8X10" cells/liter, but the 
CLL pattern was still evident when CLL cells and normal leukocytes 
were mixed in a 1:3 ratio (equivalent to 0 total b'ood leukocyte count 
nf 5 x cells/liter), indicating that the LD Array could be used to 
delect earlier stages of B-eell leukemias or lymphomas (data not 
shown). 

Leukocytes from a HCL parent (Rl>. }?) were distinguished from 
CLL by strong binding to nnti bodies against CD 103 and FMC-7 and 
an absence of CD23 and CD5, consistent with the typical HCL 
immunophenotype. The small number of cells bound to the antUCl>5 
dor were T-eclls. identified by confocal microscopy of cells bound to 
this dot that were tluorcseently labeled with soluble anti-CD3 and 
anti-CD20 (data not shown). The NHL (Fig. 3/) had a B-ccll immu- 
nophenorype distinguishable from both CLL and HCL (CD5 + / 
CD79b' /CD103 /■FMC-7 ,,, J. The pattern- of leukocytes from an AML 
patient was biphenotypic (tfg. 3/\ with expression of the T-lympho- 
cyte marker CD2 in addition to antigens of the monocytic lineage 
<CD4, CDlIb, CD33. CD36. CD38, CDtt, and HLA-DR). This 
immunophenotype wa.s confirmed by How cytometry (data not 
shown). ALL leukocytes had a T-ccll immunophenotype (fig. 3/i). 
The immunophenotypes rbr HCL, NHL, and T-ALL (Fig. 3, *j: and 
h) obtained with the LD Array correlated well with flow cytometric 
data supplied by pathology laboratories (15-2! antigcns;.data..not... 
shown). . r .... -— . 

^ wt^^^^^ ^^CT ^^tis i n g^rt h c L D ^ iTavEaiTC ji^ri c. triply w ith "FTa^| 
Ic^'tdmcnpP'ab*^ : 4)1 particularly for antigens expressed at high levels. 
A high level of binding occurred when FACS Analysis revealed 
antigen expression on 75-100% of the total population (CDS. CDI9, 
CD20, CD24, CD37, CD44, CD45RA, CD52, and HLA-DR; patient 
7). Moderate binding correlated with antigen expression on 35-75% 
of the population (CD9, CD1 lb. and CD2I; patient 7), whereas low 
binding occurred when 15-35% of cells expressed antigen (CD22, 
CD45.RA, CD79a. and GPA: patient 8). Binding was generoJly neg- 
ative or +/- when 0-15% of cells were positive by FACS. in a few 
cases, cell binding was lower than expected from FACS results 
(CDUc, CD79a. CD05, and CD154 for patient 7), usually reflecting 
low expression of these antigens. However, low antigen expression 
did act at ways oorruintc with poor binding, suggesting that sonic 
antibodies (CD22. CD23, and CD71 for patient 8) bound cells more 
strongly than others, although ihe strongly binding antibodies were 
used at tower concentrations (25 or 50 ^,g/rnl) ihan the others (200 
/xa/ml). Some. dots, showed -r/- binding of cells, whereas FACS 
results were negative (CU2. CD7. CD 0 . CD!03, CDl 17. and CDI22 
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Tabic I Omtparisun uf LD Arrttv ttntf jtvw '..ytonu'trfc analyse* Jar f\\*i CLL inmple* 

Oof array fctuillrf uitt CJiprtiw.-tad :i* luvcl »,r»:cl1 liimliii£ U> each MntiUiJtty 1I1H; - (niinu), 

ivwy tttw), + (low), r- tmotliri-jict, <high), + - + - (very high). Flow 

cytometric analysis result* are exnrtfAxetl peruunlagu of cells showing fluorescence for 
ouch antigen. The (■*■/-) k> i-tr| i-vmiIi* nln.iwn in bravkc** dwiuir intensity of 
r!uor«ceflC< cammed to cells with control umitxkly (FITC* or PE-conjugated murine 
isOl). 
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for patient 8), suggesting the detection of minor subpopulations of 
cells by dot array (10** cells/array) bin iv>t by FACS (5000 cell? 
counted). However, these results should be interpreted with caution, 
because a +/— score represents <50 eells/antibody dot and may not 
be significant. 

Analysis of frozen and freshly isolated normal leukocytes or leu- 
kemia cells gave comparable dot patterns using the LD Array. How- 
ever, some antibodies were occasionally negative for frozen cells 
(CD9, CDllb, CDI3, CD14. CD15, CD16, CD56, CD57, CD79a, 
CD05, and CD 1 54), suggesting either low binding affinity or loss of 
these surface antigens because of shedding or epitope destruction. 
Even if some antigens were missed on frozen cells analyzed by the LD 
Array, die extensive panel of ami bodies permits some variation in the 
dot patterns between samples wirhour changing a diagnosis derived 
from the consensus pal tern. 

Leukocyte samples from 20 CLL patients showed predictably and 
distinctly-different dot patterns. from samples from 20 normal subjects, 
as '.ummarized in Fig, 4. Highly significant differences (P < 0.0005) 
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Cell surface marker 

Fit:, 4. lniiniif!(i|iJi«npiypti>- or' normal peripheral blood Itukccyte* and CLL cdls. Leukocytes i'rom peripheral Wood of 20 newsa! iadividusb ar.d 20 CLL paiier.te (with leukocyte 
mourns i;iiy:in^ IYi»jh x \ lii'Vliiur to >2S0 *: 1 0'Vl iter) were (esretl using the LD Airuy. ami die dctisiiy oi'CulJ binding wax xcnristf by wnpanson with a set of standard docs of iaciwsirtg 
intensity, u>. ?Ihwi in ihe intel. 'lire average values Jbr CLL cells were calcuUittwJ fo*" «ich unrihody an J :u*c plotted in descending rmier {Mack han). The nvci)gc values for nonritll 
peripheral t>ttn »*3 Icukocyto .ire also shown' (jjn^v towO, Statistical significance \f* < 0.0005 i oi'dinbrencir; beiwwn CU, (md normal peripheral blood Itiikocyiut was doCermmed by 
Kvn-.^flnijik- Student' * / lesi usuiming equal variance.! and hi shown by on (werigk ("t. 



between norma! and CXI leukocytes occurred for 28 antigens, marked 
with an asterisk, The consensus pattern of antigen expression for CLL 
leukocytes in descending order of cells bound was: CD44, HLA-DR, 
CD37, CDI9, CD20, COS, CD52, CD45RA, CD22, CD24, CD45, 
CD23, C02I. CD I Ic. slg, and CD71. k and A light chain expression 
defined leukemia monoclonality. The antigens providing the best 
discrimination between CLL and normal peripheral blood- 1 CUkOCVtCS 
were CDI9, CD20, CD2 1 , CD22, CD23, CD24, and CD37. In addi- 
i ion. CLL samples showed a significant reduction in binding to 
antibodies specific tor T cells (CD2, CD3, CD4, and CD7) and 
various myeloid cells (CD4, CDUb. CDI3, CD14, CD16, CD32, 
CD33. CD36. CD4] , CD42a, CD6I, and CD64), reflecting the high 
ratio of leukemia ft cells ;normal leukocytes. In agreement with the 
I ircraiurc* some, bur not all, of the CLL samples were positive for cell 
Mirttiee markers such as CP9, CDllb, CDllc, CD25, CD38, 
CD4SRO, t r.)7l . CD7 Q a, CD79b, CD8Q, CD122, FMC-7, and FLT3 
(CD 05). Two samples were negative for CD23. Normal peripheral 
blood leukocytes showed relatively high levels of platelets, which 
wen: easily recognizable microscopically on antibodies to CD9, 
CH3f> t CD4I, CD42a, ClJ<S0. and CD6I (Fig. 36). Samples from 
leukemia patients generally showed significantly reduced levels of 
platelet binding, reflecting the relatively low proportion of this cell 
type in the blood (Pig. 3. c/i). In some samples, GPA dots revealed 
RBC contamination (Fig. 3. e and/). It was subsequently shown rhur 
rcmnvnl of RtK.'S from leukocyte preparations by osmotic lysis (lysis 
buffer, 0.15 m ammonium chloridc/10 ihm potassium hydrogen car- 
bouatc-O.I dim LOTA) did not significantly- alter. the= leukocyte bind-* 
inj! pattern. 



Leukocytes from CLL samples bound at high densities to anti-CDS 
(Fig. 3, v and el), consistent with the known expression of CDS on 
CLL cells. The density of binding was high compared with the 
hinding of CLL cells to antibodies against other T-cell markers {e.g. t 
CD1) bur equivalent ro binding to B-ccll markers (e.g., CD20). As 
shown in Fig. 5. ceil papulations bound to an antibody dot could be 
■ further characterized -by labeling with soluble anri-CD3-FiTC (green) 
«nd anti-CD I9-PE [red) and observing by con focal microscopy. Nor- 
mal peripheral blood leukocytes binding to CDS and CD7 dots were 
clearly T cells (Fig. 5, a and 6), whereas those binding to CD20 were 
6 cells (Fig. 5c). In contrast, CLL cells bound to CDS were predom- 
inantly n cells (Fig, 5*0- and relatively low numbers ot'T cells were 
Observed on COS and CD7 (Fig. 5. d and *). CD20 bound B cells 
exclusively from both samples (Fig. 5, c and /), with a predominance 
of leukemic B cells in the blood of the CLL patient. 

DISCISSION 

The LD Array would enable rapid screening of many leukocyte 
samples for a large range of surface antigens, particularly if the 
recording and analysis of dot patterns were automated. Analyses of 
hematological malignancies using the LD Array could potentially 
identify not only the lineage and maturation stage of the cells but also 
new prognostic markers, Uncommon surface antigens could be iden- 
tified tor subsequent detection of minimal residual disease after chem- 
otherapy and as targets for immunotherapy with- humanized mono- 
clonal antibodies (18. )9). 
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Fit;, 5, Ccnfocnl micni!»i;0|iy. Deieeiion of CDS 
igrtin JJUonrxvuiux\ ailJ CD J 9 (rrtf ftutirrftruw) 

on Itiitirocytcs from (<t. h. c) a normal individual 
iiiid UK «,./) ;i Cl.L patient (p.itien( 9; |.l X I0''cclls/ 

MtcrX bound to three different aniib&tiiL-s tin nn 1,0 

Ah"jy: a andf/. ;inli-CP5; h and f, jnti-CD7: c JliUl 
/, anti-CD20. White xuafc /wr, 10 jiim, TJic binding 
of fiunwccnrly labeled CL> uini&Mlic.t to culls cap- 
tured on an in Am\y \> ttawribed iji "Materials 
and Methods." 




Although the LD Array is a powerful tool, it would not provide alt 
of the information obtained by FACS analysis multiparameter 
analysis on single ceils or level of antigen expression/cell. Although 
the I.D Array allows semiquantitative determination of relative den- 
sities of svibpopulations of celts of distinct imrnunophenotypes, abso- 
lute quantification may not be possible. At equilibrium, the number of 
cells captured- by an antibody dot depends not only on cell numbers 
but also on the affinity of interaction, concentration of antibody in the 
dot, level of expression of the antiyen on the cell surface, and its stcric 
accessibility to the antibody immobilized on nitrocellulose. Comput- 
erized quantification of cell densiry (pixel intensity) on dots depends 
not only on cell number but also on cell sixe and morphology. The 
main strength of the LD Army is speed and extensive immunophe- 
noiyping, enabling pattern recognition using large arrays of micro- 
scopic antibody dots. CD Array slides can be stored over desiccant at 
4°C Tor prolonged periods (>6 months) without significant loss of 
binding activity, although some of these antibodies arc not stable in 
aqueous solution at A°C over this period. The translucent nature of 
moistened nitrocellulose permits microscopic examination of bound 
cells. If recognition of consensus dot patterns from low-density leu- 
keniias proves to be problematic against the background heterogeneity 
of peripheral blood leukocytes, subpopulations of cells on any anti- 
body dot can be observed by fluorescence microscopy (Fig. 5). 

The'LD Array is now being used to establish consensus patterns of 
antigen expression for diagnosis of leukomas other than CLL. Accu- 
mulation of LD Array results tor large numbers of leukemia* will 
provide a database enabling diagnosis of blood-borae cancers by 



pattern recognition. A relational database has been described for the 
diagnosis of hematological malignancies using immunophenotyping 
by flow cytometry (20), Automatic processing of slides, recording of 
dot patterns, and computerized quantification and pattern recognition 
are currently under development. Standardization of these processes 
will be required to enable the direct comparison of data sets from 
different laboratories. Additional work is required to determine the 
optimum concentration of each antibody. The current method uses 
antibodies supplied at concentrations appropriate for use in FACS 
analysis. It may be possible to further enhance the sensitivity of the 
LD Array by the selection of different antibody concentrations and/OT 
hybridoma clones. 

CLL is either stable or progressive (21, 22), Recent studies cotter 
tatc stable disease with a low bet-2/bax ratio (23) and progressive 
disease with high serum levels of CD23 and intcrleukin-8 (24-26). 
However, attempts to correlate CLL Immunophenotypc with progno- 
sis have yielded inconclusive results (27). The ability of the LD Array 
to screen large numbers of CLL samples tor expression of a wide 
range of CD antigens may lead to the recognition of new CLL 
subgroups, [n addition, the testing of frozen leukemia samples may 
allow a retrospective correlation between immunophenotype and dis- 
ease progression. At the recent Seventh Workshop and Conference on 
Human Leukocyte Differentiation Antigens (Harrogate, United King- 
dom), m new CD antigens were defined, the last being CD247. 
Monoclonal antibodies against these additional CD antigens will soon 
be available, commercially, further extending the scope for analysis of 
leukocyte populations using the LD Array. 
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